Aims: Tryptophan 2,3-dioxygenase (TDO2) is an initial rate-limiting enzyme of the kynurenine (Kyn) pathway in tryptophan (Trp) metabolism. The Trp-degrading enzymes, TDO2 and indoleamine 2,3-dioxygenase, are activated by stress and/or inflammation. Dysregulation of Trp metabolism, which causes shifts in the balance between Kyn and serotonin (5-HT) pathways, is associated with psychiatric and neurological disorders. In genetic studies, single-nucleotide polymorphisms in the TDO2 gene were shown to be involved in psychiatric disorders, such as schizophrenia and depression. It has been reported that targeted deletion of the Tdo2 gene in mice resulted in reduced anxiety-like behavior, enhanced exploratory activity and cognitive performance, and increased levels of Trp and 5-HT in the hippocampus and midbrain. However, the effect of Tdo2 gene deletion on behavioral phenotypes
physiological changes and potentially induce pathological states, such as psychiatric and neurological disorders. 1, 2 Indeed, human TDO2 gene polymorphisms are known to be associated with several psychiatric conditions, such as schizophrenia, depression, and attention deficit hyperactivity disorder. 3, 4 Additionally, expression of the Trpdegrading enzymes Tdo2 and indoleamine 2,3-dioxygenases (Ido) mRNA is increased following stimulation of the immune system by lipopolysaccharide (LPS) or polyinosinic-polycytidylic acid (pI:C). 5 Corticosteroids are known to enhance gene expressions of Tdo2 and
Ido. 6 The Trp-Kyn pathway is widely considered a meeting point of gene and environmental influences in mental disorders. 7 In previous studies, we identified "immature dentate gyrus (iDG)" phenotype in the adult dentate gyrus (DG). In this phenotype, almost all neurons are arrested in a pseudoimmature state, with regard to molecular and electrophysiological characteristics. [8] [9] [10] [11] The Tdo2 gene, which has a highly selective expression in the DG, is dramatically reduced in the iDG phenotype. The iDG phenotype has been reported in several strains of mutant mice, including a-CaMKII heterozygous KO mice, Schnurri-2 KO mice, mutant SNAP-25
knock-in mice, and forebrain-specific calcineurin KO mice. These mutant mice exhibited shared behavioral abnormalities including hyperactivity and working memory deficits. [8] [9] [10] [11] Additionally, an iDGlike phenotype was observed postmortem in brains of human patients with schizophrenia and bipolar disorder. 12 This observation suggests the possibility that TDO2 could be involved in the pathogenesis or pathophysiology of certain psychiatric disorders.
The role of Tdo2 in the brain has been explored using Tdo2 knockout mice. Concentrations of Trp and 5-HT in the hippocampi of mutant mice were higher than those in the hippocampi of wildtype mice. 13 Lower anxiety-like behavior in open-field and elevated plus-maze tests was observed in Tdo2 KO mice. 13 Deletion of Tdo2 in mice has also been associated with increased exploratory activities and cognitive performance. 14, 15 To further investigate the effect of Tdo2 on mouse behavioral phenotypes, we conducted a comprehensive battery of behavioral tests, 16, 17 evaluating many distinct behavioral domains, ranging from sensorimotor function to cognitive function.
2 | ME TH ODS
| Animals and experimental design
Generation of Tdo2 KO mice by a gene-targeting technique using R1
ES cell line was reported previously. 13 To tightly control genetic background, all mice were backcrossed to the C57BL/6Cr mice for at least 8 generations. the other by at least 1 day (Table S1 ).
| Comprehensive behavioral test battery
Most of the behavioral tests were performed as previously described, 18, 19 unless otherwise noted. 
| Open-field test

| Light/dark transition test
A light/dark transition test was conducted as previously described. 20 The apparatus used for this test comprised a cage (21 9 42 9 25 cm) divided into two sections of equal size by a partition with a door (O'HARA & CO., Tokyo, Japan). One chamber was brightly illuminated (390 lux), whereas the other chamber was dark 
| Elevated plus-maze test
An elevated plus-maze test was conducted as previously described. 21 The Mice were placed into the cylinders, and immobility and distance travelled were recorded over a 10-minute test period. Images were captured at one frame per second. For each pair of successive frames, the amount of area (pixels) within which the mouse moved was measured. When the area was below a certain threshold, mouse behavior was judged as "immobile," but if it equaled or exceeded the threshold, the mouse was considered as "moving." The optimal threshold for distinguishing between "immobile" and "moving" states was adjusted based on the amount of immobility measured by human observation. Immobility lasting for <2 seconds was not included in the analysis. Retention tests were conducted 24 hours after training. Data acquisition and analysis were performed automatically, using ImageTS software (see Section 2.12). 
| Startle response/prepulse inhibition test
| Social interaction test in a novel environment
In the social interaction test, two mice of the same genotype previously housed in different cages, were placed in a box together (40 9 40 9 30 cm; O'HARA & CO.) and allowed to explore freely for 10 minutes. The center of the field was illuminated at 100 lux.
Analysis was performed automatically using ImageSI software (see Section 2.12). The total number of contacts, total duration of active contacts (s), total duration of contacts (s), mean duration per contact (s), and total distance travelled (cm) were measured. Active contact was defined as follows: Images were captured at 3 frames per second, and distance travelled between two successive frames was calculated for each mouse. If the two mice contacted each other and the distance travelled by either mouse was longer than 5 cm, the behavior was considered as an active contact.
| Crawley's sociability and preference for social novelty test
The test for sociability and preference for social novelty is a welldesigned method for investigating complex genetics of social behaviors. 22, 23 The apparatus comprised of a rectangular, three-chambered box, and a lid containing an infrared video camera (O'HARA & CO.).
Each chamber was 20 9 40 9 47 cm, and the dividing walls were made from clear Plexiglas, with small square openings (5 9 3 cm) allowing access into each chamber. The center of the field was illuminated at 100 lux. We modified the method described by Moy et al. 22 In our experiment, a habituation session was performed in the apparatus for 10 minutes the day before the sociability test, and the wire cages in the lateral compartments were located in a corner. In the sociability test, an unfamiliar C57BL/6J male mouse (stranger 1) that had no prior contact with the subject mouse, was placed in one of the side chambers. The location of stranger 1 in the left or right-side chambers was systematically alternated between trials. The stranger mouse was enclosed in a small, circular wire cage, which allowed nose contact between the bars, but prevented fighting. The cage was 11 cm high, with a bottom diameter of 9 cm and bars spaced 0.5 cm apart. The subject mouse was first placed in the middle chamber and allowed to explore the entire social test box for 10 minutes. The 
| Y-maze test
Y-maze test was performed as previously described. 24 Exploratory activity was measured using a Y-maze apparatus (arm length: 40 cm, arm bottom width: 3 cm, arm upper width: 10 cm, height of wall:
12 cm). Each subject was placed in the center of the Y-maze field.
The number of entries and alterations was recorded using a modified version of the Image EP software. Data were collected for a period of 10 minutes.
| Contextual and cued fear conditioning test
To assess fear-related learning and memory, each mouse was placed in a test chamber (33 9 25 9 28 cm) with a stainless-steel grid floor (0.2 cm diameter, spaced 0.5 cm apart; O'HARA & CO.) and was allowed to explore freely for 2 minutes. 25 Subsequently, a conditioned stimulus (CS; 55 dB white noise) was presented for 30 seconds, followed by a mild foot shock (2 seconds, 0.3 mA), which served as the unconditioned stimulus (US 26 Nominal significance was defined as one that achieved a statistical significance in an index but did not survive FDR correction. The results after statistical analysis are described in Table S2 . Graphical numerical values are expressed as mean AE standard error of the mean (SEM).
3 | RESULTS
| General characterization in Tdo2 KO mice
Tdo2 KO mice and their wild-type littermates were subjected to a comprehensive battery of behavioral tests. Tdo2 KO mice showed no obvious differences in their physical characteristics. There were no significant differences in body weight ( Figure S1A ), body temperature ( Figure S1B ), or neuromuscular strength ( Figure S1C,D) between the wild-type and Tdo2 KO mice. Latency to fall off the rotarod ( Figure S2A ) and sensitivity to a painful stimulus in the hot plate test ( Figure S2B) were not significantly different between genotypes. In gait analysis, there are nominally significant differences in stance width of front paws ( Figure S3C) , percentage of the swing and propulsion phases ( Figure S3G ) and paw angle ( Figure S3L ) of hind paws. Tdo2 deficiency had no significant effects on the other indices in the analysis ( Figure S3 ). | 55
|
We performed light/dark transition and elevated plus-maze tests in Tdo2 KO mice. In the light/dark transition test, the total number of transitions, which is a well-validated index of anxiety-like behavior in mice, 26 was larger in Tdo2 KO mice at a nominally significant level (Figure 2A ).
There were no significant differences between genotypes in the first latency to enter the chamber ( Figure 2B Figure 2E ). In the tail suspension test, a two-way repeated measures ANOVA showed no significant genotypic effect on immobility ( Figure S4 ).
There was no significant difference in acoustic startle responses between genotypes ( Figure 3A) . We observed no significant differences in prepulse inhibition between Tdo2 KO mice and wild-type mice ( Figure 3B ).
| Normal social behavior in Tdo2 KO mice
We subjected Tdo2 KO mice to two different experiments for social behavior. First, social behavior of Tdo2 KO mice was evaluated in the test for social interaction in a novel environment. In this assessment, there were no significant differences between genotypes in the total duration of contacts, total number of contacts, or mean duration per contact ( Figure 4A-C) . We employed Crawley's threechamber social approach test, which consists of a sociability test and a social novelty preference test in Tdo2 KO mice. In the sociability test, social behavior can be assessed based on the time spent around a wire cage with an unfamiliar mouse (stranger 1 side) vs the time spent around an empty cage (empty side). Both Tdo2 KO and wildtype mice spent more time on the stranger 1 side than on the empty side (Tdo2 KO mice; t = 3.246, df = 13, P = .0064, wild-type mice; t = 6.513, df = 23, P < .0001, respectively), and there was no significant genotypic effect on the time spent around cages in the sociability test ( Figure 4D ). The preference for a novel mouse (stranger 2 side) over an already-acquainted mouse (stranger 1 side) was then tested in the social novelty preference test. In both genotypes, there were no significant differences in time spent around stranger 1 side vs stranger 2 side (Tdo2 KO mice; t = 0.954, df = 13, P = .3577, wild-type mice; t = 1.663, df = 23, P = .1099). There was no significant genotypic effect on the time spent around cages in the social novelty preference test ( Figure 4E ). There were no significant differences in the distance travelled during and after each foot shock in the conditioning period ( Figure S5A ).
One day after conditioning, the percentage of freezing time in the mutant mice did not significantly differ from that in wild-type mice ( Figure 5B ). No significant differences in levels of freezing were detected between genotypes before and during the auditory cue in an altered context ( Figure 5C ). There were no significant differences between genotypes in freezing during contextual testing ( Figure S5B) and cued testing, with altered context 2 weeks after the conditioning phase ( Figure S5C ). To examine short-term spatial working memory, spontaneous alternation behavior in Y-maze was assessed in Tdo2 KO mice. The percentage of spontaneous alternation in Tdo2 KO mice did not significantly differ from that in wild-type mice (Figure 5F ), although the number of total alternations was significantly larger in the mutant mice ( Figure 5E ).
| DISCUSSION
In the present study, we performed a comprehensive battery of behavioral tests to assess the phenotype of KO mice with a genetic disruption of Tdo2. Our results showed lower anxiety-like behavior in Tdo2 KO mice in the light/dark transition test, but not in elevated plus-maze and open-field tests. The mutant mice also exhibited higher locomotor activity in the Y-maze test and an abnormal gait pattern during gait analysis. These phenotypes achieved only nominal statistical significance. There were no significant effects of Tdo2 deletion on other behaviors, such as prepulse inhibition, and depression-like, social, and cognitive behaviors.
Tdo2 KO mice exhibited lower anxiety-like behavior, which is consistent with previous study. 13 As previously reported, mutant mice had increased brain Trp and 5-HT, which was associated with accelerated neurogenesis in the hippocampus. 13 5-HT/5-HT 1A receptor-mediated neurogenesis has been implicated in reduced anxietylike behavior, 27 suggesting the possibility that the increased serotonergic tone is involved in anxiolytic-like behavior in Tdo2 KO mice.
In the current study, Tdo2 KO mice showed lower anxiety-like behavior in the light/dark transition test, but not in the elevated plus-maze or open-field tests. These discrepancies might be due to differences in the number of backcross generations or different experimental conditions. Tdo2 KO mice were generated using the R1 ES line, which was originally derived from a male blastocyst hybrid of two 129 substrains of mice. In the present study, Tdo2 mutant and wild-type mice were obtained by intercrossing heterozygotes, after backcrossing with wild-type C57BL/6C mice for 8 generations.
The backcross procedure was repeated 5 times in the previous study. 13 Genetic background may have a profound influence on behavioral phenotypes, 28 and flanking genes might be responsible for the different phenotypes observed in mutant mice. [29] [30] [31] Additionally, experimental and environmental conditions in the present study, such as age, protocols, and housing conditions, were different from those in previous experiments. 13 Age is one of the critical factors to be considered when interpreting behavioral phenotypes. 19 As the level of Tdo2 mRNA gradually increased in an age-dependent manner, 32 elevated plus-maze tests were conducted in 13-to 15-week-old mice in a previous study, 13 while our behavioral tests were carried out with at least 19 weeks old mice at the start of testing. As Tdo2 KO mice displayed only slight changes in anxiety-like behavior and locomotor activity, the difference in these conditions might have influenced behavioral phenotypes of the mutant mice.
There were nominally significant differences in stance width of front paws, percentage of the swing and propulsion phases, and paw angle of hind paws in Tdo2 KO mice. These gait parameters have been implicated in posture stability and walking speed. 33 There is a possibility that Tdo2 deficiency might lead to changes in motor performance, including locomotor activity. Further studies are needed to confirm the phenotype and to identify their underlying mechanisms.
Tdo2 mRNA has a highly selective expression in the DG of adult normal mice. We previously found that several strains of mice with iDG demonstrated quite a low expression of Tdo2 mRNA in the adult DG. [8] [9] [10] [11] These strains of mice exhibited aberrant behavioral phenotypes comparable to those present in certain human psychiatric disorders, such as hyperactivity, abnormal anxiety-like behavior, and impaired working memory. [8] [9] [10] [11] The results of these studies suggest that a low expression of Tdo2 mRNA in the DG may cause the aberrant behavioral phenotypes. In the present study, however, Tdo2 KO mice displayed slightly higher locomotor activity, lower anxietylike behavior, and normal cognitive function. Our results suggest that Tdo2 alone is not responsible for the profound behavioral abnormalities observed in mutant mice with iDG, although higher locomotor activity and lower anxiety-like behavior could be partially explained by the lower Tdo2 mRNA expression level.
It has been reported that inflammation is associated with the induction of the Kyn pathway, which plays an important role in the development of psychiatric disorders. 2 The expression of It is possible that prior exposure to a stressful condition could Tsuyoshi Miyakawa http://orcid.org/0000-0003-0137-8200
